This paper presents the results of a numerical investigation of the gap influence on the turbine efficiency. The rotor-stator interaction in a (1/2)-stage turbine is simulated by solving the quasi-three-dimensional unsteady Euler/Navier-Stokes equations using a parallelized numerical algorithm. The reduced turnaround time and cost/MFLOP of the parallel code was crucial to complete the numerous run cases presented in this paper. The inter-row gap effect is evaluated for 4 gaps, 3 radial positions and 3 angular velocities. As expected, the results presented in this paper show that the efficiency increases and losses decrease while the gap size increases. The maximum efficiency location, however, corresponds to values of the gap size which may be too large for practical use (approximately inch). Fortunately, a local maximum efficiency and minimum losses location has been found at approximately 0.5 inches gap size. The efficiency variation near the local optimum is large, in some configurations being as high as 1.4 points for a gap size variation of only 0.076 inches. Data produced by the numerical simulations can be used to develop a design rule based on the inter-row gap size.
INTRODUCTION
Numerical simulation of unsteady effects in turbomachinery is a necessary step for advanced design and analysis. The requirement to further increase performance and improve reliability in turbomachinery has motivated designers to better understand unsteady effects. One reason to simulate unsteady flows in turbomachines is to be able to predict dangerous phenomena such as stall flutter or rotating stall. Neither stall flutter nor rotating stall can be predicted using steady flow simulation. These dangerous phenomena might happen due to the fact that blade loading and turbine inlet temperature are constantly increased, quite often pushing the engine out of the envelope *Corresponding author. Tel.: 979 cizmas@aero.tamu.edu of traditional designs. Another reason to simulate unsteady flows in turbomachinery is to be able to predict rotor-stator interaction. Experimental investigations and numerical simulations have shown that efficiency can be improved by optimizing the circumferential relative position of consecutive airfoil rows. The purpose of this project is to numerically investigate another important parameter of rotor-stator interaction, the interrow gap size. This paper will present the influence of gap size on the turbine efficiency.
An important part of the unsteady effects in turbomachinery results from the rotor-stator interaction. The main sources of unsteadiness present in the rotor-stator interaction are potential flow interaction and wake interaction. Potential flow interaction is a purely inviscid interaction due to the pressure variation caused by the relative movement of the blades and vanes. Potential flow interaction mainly affects adjacent airfoil rows. Wake interaction is the unsteadiness generated by the vortical and entropic wakes shed by one or more upstream rows. These wakes interact with the downstream airfoils and other wakes. Additional sources of unsteadiness present' in the rotor-stator interaction include vortex shedding, hot streak interaction, shock/boundary layer interaction, and flutter.
One way of taking advantage of the rotorstator interaction effects is through airfoil "clocking" or "indexing". Stator clocking consists of varying the circumferential relative position of consecutive stator airfoils. Consecutive rotor airfoils can be clocked as well, as shown in a previous paper (Cizmas and Dorney, 1999b (Huber, Johnson, Sharma, Staubach and Gaddis, 1996) showed a 0.8% efficiency variation due to clocking. For the same turbine, a twodimensional numerical analysis for the midspan geometry by Griffin et al. (Griffin, Huber and Sharma, 1996) correctly predicted the maximum efficiency clocking positions. However, the predicted efficiency variation was only 0.5%. Clocking effects in a l(1/2)-stage turbine have also been numerically simulated by Eulitz et al. (Eulitz, Engel and Gebbing, 1996) and Dorney and Sharma (Dorney and Sharma, 1996) . The effects of airfoil clocking on a six-row turbine have been also investigated (Cizmas and Dorney, 1999b ). This paper presented for the first time rotor rows clocking, clocking multiple rows and introduced the concept of "fully clocking", i.e., clocking all the rotor and stator rows. In all these analyses, the highest efficiencies occurred when the wake of the upstream airfoil impinged on the leading edge of the downstream airfoil, while the lowest efficiencies were observed when the upstream wake was convected through the middle of the downstream airfoil passage. For the turbine investigated, the clocking of the second-stage produced larger efficiency variations than the clocking of the third-stage. This conclusion was true for both rotor and stator clocking. The predicted results also showed that rotor clocking produces an efficiency variation which is approximately twice the efficiency variation produced by stator clocking.
Another way of taking advantage of the rotorstator interaction is through variation of the interrow gap. If one assumes that the potential flow interaction is not a function of the inter-row gap, then a linear relation could be obtained between the clocking position and the inter-row gap that are producing the same efficiency. However, the potential flow interaction varies with the inter-row gap. Consequently, the relationship between the clocking position and the inter-row gap is more complicated. The focus of the present paper is to investigate the influence of inter-row gap on the turbine efficiency. Once the variation of efficiency with inter-row gap is obtained, a correlation between the clocking position and inter-row gap is possible.
The first part of this paper briefly presents the flow model and the numerical approach. The next part of the paper presents the results of the interrow gap variation on losses and turbine efficiency. The paper ends with conclusions and suggestions for future work. parallelized using Message Passing Interface libraries and exhibits good parallel efficiency (Cizmas and Subramanya, 1997).
NUMERICAL MODEL
The PaRSI2 code used to simulate the flow in the turbine is presented in detail in (Cizmas and Subramanya, 1997) . The numerical approach used in the code is based on the work done by Rai (Rai and Chakravarthy, 1986 ). The PaRSI2 code was developed as a parallel version of the STAGE-2 analysis, which was originally developed at NASA Ames Research Center. The numerical approach is briefly described here.
Governing Equations
The quasi-three-dimensional, unsteady, compressible flow through a multi-stage axial turbomachine with arbitrary blade counts is modeled by using the Navier-Stokes and Euler equations. The computational domain associated with each airfoil is divided into an inner region, near the airfoil, and an outer region, away from the airfoil. The thinlayer Navier-Stokes equations are solved in the regions near the airfoil, where viscous effects are strong. Euler equations are solved in the outer region, where the viscous effects are weak. The flow is assumed to be fully turbulent. The eddy viscosity is computed using the Baldwin-Lomax model and the kinematic viscosity is computed using Sutherland's law.
The Navier-Stokes and Euler equations are written in the strong conservation form. The fully implicit, finite-difference approximation is solved iteratively at each time level, using an approximate factorization method. Two Newton-Raphson sub-iterations are used to reduce the linearization and factorization errors at each time step. The convective terms are evaluated using a third-order accurate upwind-biased Roe scheme. The viscous terms are evaluated using second-order accurate central differences and the scheme is second-order accurate in time. The code has been
Grid Generation
The domain is discretized using two types of grids. O-grids are used to resolve the Navier-Stokes equations near the airfoil, where the viscous effects are important. The O-grids are body-fitted to the surfaces of the airfoils and consequently they provide a good mesh in the critical zones around the leading and trailing edges. Algebraically generated H-grids are used to discretize the rest of the passage, permitting the application of periodic boundary conditions without interpolation. The H-grids discretize the areas away from the airfoil, where the flow is modeled by the Euler equations. The O-grid/H-grid pairs around the airfoil are overlaid and the H-grids are patched at the sliding boundary between each stationary and moving blade row. The flow variables are communicated between the O-and H-grids through bilinear interpolation.
Boundary Conditions
Since multiple grids are used to discretize the Navier-Stokes and Euler equations, two classes of boundary conditions must be enforced on the grid boundaries: natural boundary conditions and zonal boundary conditions. The natural boundaries include inlet, outlet, periodic and the airfoil surfaces. The zonal boundaries include the patched and overlaid boundaries.
The (Rai, 1985) .
Parallel Computation
The parallel code uses message-passing interface (MPI) libraries and runs on symmetric multiprocessors (Silicon Graphics Challenge) and massively parallel processors (Cray T3D and Cray T3E). The development of the quasi-three-dimensional parallel code was done such that a threedimensional parallel version can be an easy extension. As a result of this requirement, one processor was allocated for each airfoil in the two-dimensional simulation. Consequently, the number of processors necessary for a typical three-dimensional turbomachinery configuration will not exceed the number of processors available on today's computers. Further details on the parallel algorithm are presented in (Cizmas and Subramanya, 1997) .
RESULTS

Geometry and Flow Conditions
The results focus on the first three rows of a threestage test turbine. The analysis of the flow in the whole turbine was presented in (Cizmas and Dornery, 1999b; Cizmas and Dornery, 1999a Figure 1 . The computation time for this simulation was 6.24 x 10 -6secs/grid point/iteration on the Cray T3E and 7.68 x 10-6secs/grid point/iteration on the Silicon Graphics Origin2000.
Accuracy of Numerical Results
To validate the accuracy of the numerical results it is necessary to show that the results are independent of the grid which discretizes the computational domain. Three grids were used to asses the grid independence of the solution. The coarse grid has 37 grid points normal to the airfoil and 112 grid points along the airfoil in the O-grid, and 67 grid points in the axial direction and 45 grid points in the circumferential direction in the H-grid, as shown in Table IIi . The number of grid points of the medium and fine grids is also presented in Table III . The medium grid is presented in Figure 2 , where for clarity every other grid point in each direction is shown.
The distance between the grid points on the airfoil and the next layer of grid points around the airfoil is the same for the coarse, medium and fine grids in order to have the same y+ number. The grid was generated such that, for the given flow conditions, the y+ number is less than 1.
The flow in the last row includes the influences of all the upwind rows. As a result, if there are differences between the results due to different grid sizes, these differences will be largest in the last row. For this reason the last row of the turbine was used to assess the grid independence of the numerical results. Before validating the grid independence of the numerical results, one has to verify that the unsteady solution is periodic. Solution periodicity is assessed by comparing the pressure PE=I PE=5 FIGURE Processor allocation. Solution periodicity is also proven by the fact that the efficiency averaged over one period reaches an asymptotic value, independent of the cycle number. The variation of the total-to-total efficiency with respect to a fixed baseline efficiency is shown in Figure 5 vs. the number of cycles. The efficiency variation at mid-span radius is shown for the last 20 cycles. In this paper, the flow is considered to be periodic if the variation of averaged efficiency from one cycle to the next one is less than 0.02 points.
To validate the grid independence, three values of the pressure coefficient and skin friction are compared: the averaged, minimum and maximum over one period. The comparison of the pressure coefficients computed using the three grids is presented in Figure 6 . Good agreement is obtained among the averaged pressure coefficients of the three grids. Maximum and minimum pressure coefficients corresponding to the medium and fine grids agree well, except around 60% axial chord on the suction side and 70% axial chord on the pressure side.
The comparison of the skin friction computed using the three grids is shown in Figure 7 . As expected, the skin friction is more sensitive to the grid size variation than the pressure coefficient. Consequently, larger differences among the results corresponding to the three grids are observed compared to the case of the pressure coefficient shown in Figure 6 . Even for the averaged values, the skin friction predicted by the coarse grid is significantly different from the skin friction predicted by the medium and fine grids. As shown in Figure 7 , the averaged and minimum values of the skin friction predicted by the medium and fine grids agrees rather well. Differences between the maximum skin friction produced by the medium and fine grids are observed at mid-chord, on both suction and pressure sides. and computational cost. In addition, for the medium and fine grids, the numerical results are independent of the grid size and consequently the numerical accuracy is proven.
Efficiency Variation
The variation of the total-to-total efficiency as a function of the inter-stage gap, radius and angular velocity is shown in Figure 8 . The definition of the total-to-total efficiency is (Lakshminarayana, 1996) :
Tl,ca,ta / 192,ca,ta / 1,ca,ta;
where subscript "ca" denotes circumferentialaveraged, "ta" denotes time-averaged, and the superscript "," denotes total (or stagnation). To illustrate the efficiency variation as a function of the inter-row gap size, it is sufficient to present the efficiency variation, r/var, relative to a fixed baseline efficiency, r/e, such that 7-]vat--r/t-t--r/b. The value of baseline efficiency is not specified since it is not critical for the point we are trying to make in this paper. Note that efficiency variation, as opposed to absolute value of efficiency, is shown in Figures  5 and 8 .
In Figure 8 
